Background: For more than 100 years, group A Streptococcus has been identified as a cause of severe and, in many cases, fatal infections of the female urogenital tract. Due to advances in hospital hygiene and the advent of antibiotics, this type of infection has been virtually eradicated. However, within the last three decades there has been an increase in severe intraand post-partum infections attributed to GAS.
Introduction
Group A Streptococcus (Streptococcus pyogenes, GAS) is an exclusively human, Gram-positive pathogen that causes a broad variety of diseases from mild pharyngitis and skin infections to necrotizing fasciitis, streptococcal toxic shock syndrome, and non-suppurative sequelae such as acute rheumatic fever or glumerulonephritis (for a review see [1] ). Since the 1980's, GAS has re-emerged as an important cause of severe invasive infections and is estimated to cause approximately 500,000 deaths each year globally despite available antibiotic treatment [2] . In the late 1800's, GAS was identified as a causative factor of puerperal sepsis -a severe invasive infection in post partum women [3] . Due to advances in hospital hygiene, namely physicians washing their hands between deliveries, these types of GAS infections became less frequent. However, in the last three decades there has been a resurgence in GAS infections of the female urogenital tract and vulvovaginatis in pre-pubescent females, and invasive postpartum disease now accounts for approximately 2.2% of invasive GAS diseases [4] . Women with pre-existing throat infections or disrupted mucosal and skin barriers during pregnancy and delivery are particularly susceptible [4] .
GAS strains are classified based on the aminoterminal sequence of the M protein, a polymorphic cell surface adhesin and antiphagocytic factor [1] . Among the various GAS serotypes, serotype M28 strains are a common cause of invasive disease and have an unusual propensity to cause vaginitis and postpartum infections [4] [5] [6] . Full-genome sequence analysis of an M28 strain provided the first insight into the underlying molecular mechanism for the ability of these strains to cause a disproportionate number of postpartum infections [5] . Green et al. identified a mobile genetic element, named Region of Difference (RD) 2, that was present in all serotype M28 strains analyzed and a subset of other M serotype strains that have been linked epidemiologically to maternalneonatal infections [5] . Interestingly, RD2 shares extensive similarity with regions in group B Streptococcus (Streptococcus agalactiae, GBS) [5, 7] , which is a common cause of female urogenital tract infections, and genes in groups C and G Streptococcus (Sitkiewicz I., Green NM., and Musser JM, unpublished) that can also cause severe invasive infections [8, 9] .
As mentioned previously, GAS is capable of causing a wide range of diseases by successfully colonizing a variety of anatomical sites. Transcriptome analyses of GAS grown in blood, saliva, epithelial cells, and polymorphonuclear leukocytes (PMNs) have revealed that GAS is extremely adaptable and modifies its transcriptome based on environmental signals [10] [11] [12] [13] . To establish infection in the female urogenital tract, GAS must survive and replicate in a bacteriostatic host environment. The ability of GBS to persist and replicate in human amniotic fluid (AF) [14] is an important contributing factor to its ability to cause severe pre-and postpartum infections, despite AF having antibiotic properties towards other bacterial species [15] . Because M28 GAS strains contain the RD2 element and cause a disproportionate number of postpartum infections, we hypothesized that serotype M28 GAS would be able to survive and persist in human AF, similarly to GBS. To initially characterize the interaction of pathogenic GAS within this specific host niche, we used an ex vivo strategy to analyze the global transcriptional response of GAS grown in human AF compared to GAS grown under standard laboratory conditions.
Materials and Methods
Bacterial strains and routine growth GAS strains MGAS6180 (serotype M28, RD2+) [5] , and MGAS 5005 (serotype M1, RD2-) [16] were grown in Todd Hewitt medium with 0.5% yeast extract or on TSA II plates supplemented with 5% sheep blood (BD Diagnostics) at 37uC in 5% CO 2 .
Growth of bacteria in AF
Human (AF) was collected from pregnant women seen at The Methodist Hospital, Houston, Texas, or Weill Medical College of Cornell University in New York City. Samples were collected in accordance with an exempt human subjects protocol approved by the Institution Review Board of each institution. The study involved collection of existing diagnostic specimens routinely collected during clinical procedures as amniocenteses and would have been otherwise discarded. Specimens were stripped of all identifiers and processed in a manner that subjects cannot be directly or indirectly identified.
AF samples were tested to determine if they supported bacterial growth. GAS cells were grown overnight in THY, washed twice in sterile PBS, and re-suspended in PBS to 1006. Ten ml of the 1006 bacteria suspension were diluted further in PBS and were used to inoculate each 250 ml sample of heat inactivated (95uC, 5 min) AF, resulting in a final average inoculum of ,10 4 CFU/ml. Samples were incubated at 37uC with 5% CO 2 for 24 h. To avoid THY Figure 1 . Characterization of growth of GAS in AF. A. Individual specimens of AF support growth of GAS at various levels after 24 h of incubation; initial inoculum ,10
4 CFU/ml. B. Growth densities of GAS (CFU/ml) in THY and AF. doi:10.1371/journal.pone.0009785.g001 carryover that might bias the growth results, bacteria were diluted 1:50 or 1:25 into a fresh aliquot of AF after the first 24 h. Aliquots were removed, serially diluted, and plated on TSA II plates (BD Diagnostics) every hour for the first 12 h and every 12 h thereafter for CFU enumeration. AF samples that supported growth of GAS were pooled and used for the microarray analysis. Samples were collected from three pooled AF cultures (biological replicates) after 3.5, 5, and 9 hours of growth in AF, which corresponds to bacteria in mid log (ML) growth phase, late log (LL, time point corresponding with the transition from log to stationary phase) and stationary (S) phase, respectively. Bacteria grown in THY laboratory medium were collected in ML, LL and S phase from three independent cultures (biological replicates).
RNA isolation
The bacteria used for RNA isolation were mixed with 2 volumes of RNA Protect reagent (Qiagen) and cells were collected by centrifugation and stored at 280uC until processing. RNA from GAS was isolated as described previously [17] . All samples were processed at the same time to minimize experimental error.
Reverse transcription, cDNA fragmentation, and labeling for all samples were performed as described previously [17] .
Microarray analysis
Microarray analysis was performed using a custom-made Affymetrix chip [18] that contained 1929 redundant probes representing the core GAS chromosome and 289 redundant probes unique for MGAS6180. A total of 1765 MGAS6180 genes were represented on the array. Chip hybridization and data acquisition and processing were performed as described [19] . Samples used for microarray analysis were collected from cultures in THY and AF at mid logarithmic (ML), late logarithmic (LL) and stationary (S) growth phases. The average expression values for each transcript in AF in each growth phase was divided by the average expression in THY to generate AF/THY ratios and degree of changes. Genes that had a two-fold change of expression or greater in AF and were statistically significant (P,0.05) were included in the analysis.
The data is deposited in MIAME-compliant GEO database under accession number GSE19985. 
Results and Discussion

Characterization of GAS growth in AF
Human AF is a nutritionally poor environment. AF is composed primarily of water and low amounts of sugars and proteins, levels of which decrease as the pregnancy nears term [20] . Recent detailed compositional analysis of AF revealed the presence of multiple proteins (serum albumin, transferrin, a-I-Antitripsin, afetoprotein, calpain 6, pinin, type XIII collagen, immunoglobulins) [21] , glucose, fructose, lipids, hormones (estrogen and progesterone), and epithelial cells. Sources of AF are predominantly fetal urine (,900 ml per day influx at term), tracheal fluid, fetal lung fluid, and water and solvents transferred between AF and fetal blood in placenta [22] .
GAS rarely causes septic abortions [4] ; however, after disruption of membranes, release of AF can change the environment of the female genital tract by increasing pH from acidic to neutral/slightly alkaline and affect balance of natural bacterial vaginal flora. GAS grows better in neutral than acidic pH [23] , therefore pH change can promote growth of colonizing pathogens and postpartum infection. Because GAS is able to cause postpartum infections suggests that it is able to survive in an environment containing AF.
Individual specimens of AF collected from women at various stages of pregnancy can vary in their bacteriostatic properties, primarily due to the activity of lysozyme, immunoglobins, and b2lysin [24] [25] [26] . In general, samples from early stage pregnancies are less bacteriostatic than samples from late stage pregnancies [27] . In addition, bacteriostatic properties of AF also depend on the presence of meconium and iron availability [28] . Often the presence of meconium in AF is used to predict the likelihood of the mother developing a postpartum or intrapartum bacterial infection [29] .
Therefore we wanted to determine if GAS can survive in bacteriostatic AF and if so, what transcriptional changes it undergoes to achieve this.
To determine if AF had antimicrobial properties towards GAS, we tested samples collected from separate individuals at different stages of pregnancy. About half of the tested specimens did not support the growth of GAS (Fig 1A) . Observed inhibition of GAS growth did not correlate with the gestation period (data not shown), and was instead patient specific and influenced by unknown factors. Visual inspection of AF specimens did not allow determination of the presence of meconium. Growth of GAS in AF was not restricted to the serotype M28 strain, as serotype M1 strain MGAS5005 grew at a comparable density to the M28 strain in one of the individual growth-positive specimens (data not shown). In conclusion, unlike many other bacteria, GAS can survive and grow in some AF specimens, which could have important implications for its ability to cause postpartum infections.
To further characterize the growth of GAS in AF, we pooled all AF specimens that supported growth of GAS and performed growth curves with two different starting inocula and compared it to GAS grown in laboratory medium (THY) (Fig. 1B) . Interestingly, GAS grown in AF reached similar density (around 2610 7 CFU/ml) in stationary phase, despite a three-fold difference in starting inocula. Similar cell density was observed after 48h of incubation in AF. This suggests that the limited nutrient availability of AF could not sustain higher density growth.
Microarray analysis: general quantitative trends in response to AF
To characterize the transcriptional response of GAS grown in AF we utilized an ex vivo microarray approach that has been used previously to characterize the interactions of GAS with various environments such as blood and saliva [10, 11] . We detected 859 differentially expressed genes fulfilling the criteria of differentially expressed gene (,49% of genes present on the array). Over 250 genes were differentially expressed in ML and LL phases and the number of differentially expressed genes increased and reached maximum in S phase (Figures 2 and 3 ). The majority of these genes in ML and LL phases were up regulated rather than down regulated. This differs from the response of GBS grown in AF [19] , in which the majority of genes are down regulated when compared to laboratory conditions and the bulk of changes are observed during the transition from logarithmic to stationary phase [19] . The complete list of transcriptional changes in GAS is shown in Table S1 and comparison of gene expression between GAS and GBS in Table S2 .
Expression of virulence factors
Because GAS causes severe invasive postpartum diseases, we were interested in determining which virulence factors exhibited a change in expression in response to AF. Surprisingly, with the exception of CAMP factor, streptodornase, and one of the enterotoxins (Table 1) , we did not detect up regulation of virulence factor expression. However, we did detect massive down regulation of genes encoding proteins involved in adhesion, such as multiple fibronectin, collagen and laminin binding proteins, M protein, the gene encoding R28 protein (M28_Spy1336), and streptolysin S. Down regulation of multiple adhesins and cell surface proteins could be a mechanism to evade the host immune response. The genes encoding two peptidases that interact with the host immune response, C5A peptidase and SpyCEP, were expressed at much lower levels in AF than in THY (Table 1) . C5A peptidase has been also shown to facilitate fibronectinindependent invasion of epithelial cells [30] . Similar down regulation of adhesins and capsule was observed in GBS when grown in AF [19] .
R28 is an adhesin encoded by the RD2 element present in MGAS6180 and several other GAS strains [5] . It is a known virulence factor that increases attachment of GAS to cervical cells [31] . Its down regulation might be connected to down regulation of M28_Spy1337, which encodes a putative regulator; however, this has yet to be tested experimentally. In addition to R28, we observed an increase in transcription levels for multiple genes encoded by RD2 ( Table 2 ). The RD2 element has been suggested to be involved in pathogenesis and adaptation to specific environments [5] . Interestingly, a large number of RD2 genes differed in their expression among biological replicates; therefore the calculated P value in many cases was greater than 0.05.
Stress response of GAS and GBS to AF
In contrast to GBS, which does not increase transcription of genes encoding proteins involved in the stress response [19] , GAS activates multiple genes involved in this process. We observed increased transcription of the genes encoding proteolytic complex composed of ATPase and catalytic subunits ( clpP, clpE, clpX, and clpL) known to be stress effectors in streptococci [32, 33] , the GroEL and GroES chaperonins, members of the Gls24 family of stress proteins (stress and starvation inducible genes in Enterococcus faecalis, [34] ), and a putative GTP pyrophosphokinase (Table 3) . Expression of the gene M28_Spy1562 that encodes a putative stress protein, was dramatically decreased in AF; however, its function in GAS is unknown. We also observed lowered expression of the relA gene which is major regulator of stringent control in GAS [35] .
Regulatory events during growth in AF
We observed a large number of significant changes in transcription of regulatory genes (Table S1 ). Because the exact functions of many of these are unknown, it is impossible to predict the significance of these changes. However, we did detect changes in expression of known GAS regulators (Table 4 ) such as RofA/ RALP that are involved in the regulation of virulence factor expression, namely adhesins [36] . Down regulation of rofA in response to AF might be partially responsible for the observed decreases in the transcription of the genes encoding fibronectin binding proteins. The decreased gene expression of the regulator ahrC.2 may be responsible for the observed changes in expression of genes involved in arginine metabolism (see below). Two other differentially expressed regulators were recently shown to be involved in GAS pathogenesis. The first, MtsR, is a regulator of ion transport and is involved in the development of necrotizing fasciitis [37, 38] The second, CcpA, links GAS virulence and carbohydrate metabolism [18] . In addition to individual regulators, we detected differential expression of seven (of 13) two component systems (TCSs) encoded by GAS. In the absence of regulation by alternative sigma factors in GAS, it is believed that concerted activity of regulons and TCSs is responsible for reaction of GAS to the environment. FasBCA and ihk/irr were shown to be involved in regulation of GAS pathogenesis. FasBCA controls Table 6 . Differential expression of genes involved in the transport and metabolism of amino acids, peptides, and amines. expression of streptokinase, streptolysin S, and fibronectin binding proteins [39, 40] . The Ihk/Irr system is involved in GAS survival upon contact with human PMNs [12] . Circuits regulated by two other two component systems, M28_Spy0761/2 (SPy1061/2 in SF370 strain) and M28_Spy0807/8 (SPy1106/7 in SF370 strain), were studied by microarray analysis [17] and were shown to be involved in regulation of genes involved in carbohydrate and malate utilization, respectively. M28_Spy0919/20, M28_ Spy1346/7 and M28_Spy1373/4 (SPy1236/7, SPy1587/8, SPy1621/2 in SF370 strain, respectively) have not been characterized thus far.
Metabolic adaptation to AF environment
A recently performed transcriptional analysis of GBS grown in AF revealed dramatic changes in expression of genes that control metabolism of carbohydrates, amino acids, and nucleotides [19] , which presumably reflects an adaptive response to limited nutrient availability. We observed similar trends in the metabolic response of GAS to AF, with the majority of differences occurring in expression of genes involved in carbohydrate utilization (Table  S2) . In contrast to GBS that up regulates genes involved in carbohydrate utilization, GAS down regulates genes belonging to this category. Clear examples are the M28_Spy1036-1048 (mal genes), M28_Spy1349-1354, M28_Spy1438-1445 (lac.1 genes), and M28_Spy1622-1629 (lac.2 genes) loci (Table 5 ). The Mal locus has been shown to be involved in GAS persistence in the oropharynx [41] , and lac loci are not only involved in fermentation and energy production via the tagatose pathway, but also link metabolism and the regulation of virulence [42] .
Another category of metabolic genes affected by growth in AF were genes involved in protein and amino acid utilization. We observed differential expression of multiple proteases, and di-and oligopeptide transport systems (Table 6) . Similarly to GBS, we observed up regulation of genes involved in uptake and utilization of branched chain amino acids (BCAA, valine, leucine, and isoleucine). GBS is auxotrophic in respect to BCAA and mobilizes Figure 4 . Changes in transcription of genes encoding predicted enzymes in the purine and pyrimidine biosynthetic pathway in GAS and GBS in response to AF. Both GAS and GBS exhibit similar changes in the expression of genes encoding enzymes involved in nucleotide biosynthesis. Changes in transcription of GBS genes from [19] , changes in transcription of GAS genes, this work. all transport systems to maximize utilization from AF [19] ; GAS could possibly employ the same mechanism to maximize nutrient utilization.
The most dramatic changes in gene expression were observed in genes encoding enzymes of the arginine deiminase pathway, which were down regulated almost 900-fold upon contact with AF (Table 6 ). The arginine deiminase pathway allows utilization of arginine as a carbon and energy source [43] and plays a role in the modification of the environmental acidity [44, 45] . Arginine deiminase from the GAS Manfredo strain is also a potent inhibitor of the proliferation of peripheral blood mononuclear cells [46] . However, arginine deiminase is not only an intracellular enzyme . It is possible that the lack of arginine deiminase on the surface is linked to decreased recognition by the host immune response, which would be consistent with the observed down regulation of adhesins and other major surface proteins. Interestingly, fetal urine (which is a major component of AF) flow and composition is modulated by arginine levels [22] , therefore bacterial arginine metabolism could be linked to AF dynamics. Arginine metabolism is linked via carbamate kinase to another pathway -nucleotide synthesis (Figure 4) . We observed dramatic up regulation of genes involved in purine and pyrimidine nucleotide biosynthesis pathways and down regulation of genes encoding enzymes involved in salvage pathways ( Table 7) . The extent of changes in GAS correlates well with changes detected in GBS [19] , and almost all of the enzymes in the nucleotide metabolic pathways undergo the same directional changes (Figure 4) , what suggests direct influence of the AF environment.
Samant et al. [48] recently showed that multiple enzymes involved in nucleotide metabolism are essential for growth of Escherichia coli in human serum, and a bacterial growth defect can be rescued by the addition of nucleotides to the serum. To test if a lack of nucleotides or arginine/ornithine in the AF is a growth limiting factor, we tested growth of GAS in AF with the addition of selected amino acids and nucleotides (arginine, ornithine, adenine, xanthine, and uracyl at concentrations corresponding to minimal chemically defined media (CDM) concentrations for GAS [49] ). The observed culture densities after overnight growth did not increase compared to the AF without any supplements ( Figure 5) . Therefore, the lack of arginine and nucleotides in AF is not a limiting factor for growth of GAS and up regulation of the nucleotide synthesis pathway has a distinct function from providing material for DNA synthesis. Multiple reports have suggested a connection between nucleotide metabolism and bacterial virulence [50] . Mereghetti et al. recently reported changes in nucleotide metabolism in GBS during growth in blood and as an effect of a temperature switch [51, 52] .
Summary
Group A Streptococcus, a causative agent of postpartum invasive infections, is able to survive and multiply in AF. It is able to multiply and survive over 48h in the AF environment. The response of GAS is in many aspects similar to the response exhibited by GBS; however, on the contrary to GBS, GAS exhibits stronger stress response to the AF environment. GAS adapts to growth in AF by differential regulation of genes involved in arginine and nucleotide metabolism. In addition, GAS down regulates multiple cell surface proteins, presumably to escape host immune recognition.
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